Obesity and anorexia are common disturbances of energy homeostasis that result from imbalances between energy intake and expenditure. Within the brain, the 
Gene Expression that Is Commonly were injected into C57BL/6 blastocysts to generate chiSeen in Fasted Mice meric founder mice, and germline transmission of the In addition to being smaller than normal mice, VGF mutargeted allele was obtained ( Figure 1C ). Null mutation tant mice also had a significantly elevated basal metaof the targeted allele was confirmed by Northern (data bolic rate, as measured by O 2 consumption ( Figure 3A ) not shown) and Western ( Figure 1D ) analyses of total and CO 2 output. Although hypermetabolic, VGF-defi-RNA and protein, respectively, isolated from the brains cient mice had reduced serum T4 thyroid hormone levels of 4-week-old control, heterozygous, and homozygous (wild-type: 5.04 Ϯ 0.2 g/dl, n ϭ 8; Ϫ/Ϫ: 3.65 Ϯ 0.3 g/dl, mice. n ϭ 8), slightly decreased pituitary thyroid-stimulating hormone (TSH) content (see Figure 9) , and normal core body temperatures (data not shown). Sympathetic activPhenotypic Characterization of Mice Lacking VGF Homozygous VGF mutant mice were obtained from hetity, as gauged by measurement of heart rate and adrenal norepinephrine and epinephrine levels, also appeared erozygote crosses, in either 129/SvJ or C57BL/6 backgrounds, at the normal Mendelian frequency. At birth, normal (data not shown). Peripheral fat stores, however, were dramatically reduced in VGF mutant mice (Figure VGF-deficient pups were indistinguishable from heterozygous or wild-type littermates. However, by postnatal 3B). Total body fat in the VGF-deficient mice was reduced and represented a smaller fraction of total body day 3 (P3), VGF mutant pups weighed 10%-20% less, and by the third week of postnatal life, 40%-60% less composition than did fat in normal mice ( Figure 3C ), while the contribution of total protein to body mass was than normal or heterozygous littermates (Figures 2A and  2B) , irrespective of litter size. After weaning, VGF mutant similar in VGF mutant and control mice. Fecal fat levels were similar in normal and VGF-deficient mice (LabCorp, mice maintained body weights 50%-70% those of wildtype ( Figures 2B and 2C) . Wild-type littermates that were Burlington, North Carolina), suggesting comparable gastrointestinal tract fat absorption. Expression of leptin nursed for restricted periods of time to decrease their weights into the range of age-matched, VGF-deficient mRNA in the epididymal fat pad was significantly reduced in VGF mutant mice ( Figure 3D ), as were circulatpups throughout weaning were indistinguishable at 4 months of age in weight and fertility from normally reared ing leptin levels (wild-type: 2.70 Ϯ 0.63 ng/ml, n ϭ 15; Ϫ/Ϫ: 0.23 Ϯ 0.06 ng/ml, n ϭ 18; p Ͻ 0.001). wild-type mice (data not shown).
Histologic examination of the upper and lower gastroUnder conditions in which fat stores and leptin levels are reduced in a normal animal to such a degree, a intestinal tracts and fluoroscopic analysis of upper gastrointestinal motility were similar for mutant and normal compensatory increase in food intake and/or decrease in energy output would be expected. Daily food intake 2-week-old and adult mice. Survival of VGF mutant mice was reduced in comparison with heterozygote or wildin ad lib fed VGF mutant mice was similar to that of normal littermates ( Figure 3E ), representing a significant type mice (Figure 2D) , particularly during the postnatal VGF mutant mice following a 24 hr fast. In addition, mutant mice were found to be hyperactive rather than hypoactive ( Figure 3F ), and the hyperactivity was not associated with elevations in striatal dopamine or 3,4-dihydroxyphenylacetic (DOPAC) levels (data not shown).
Normal mice respond to decreased food intake (i.e., fasting) by lowering serum glucose and leptin levels; the hypothalamus senses these changes, responding with characteristic alterations in the levels of expression of several neuropeptide-encoding genes, including proopiomelanocortin (Pomc), Npy, and Agrp (Art) (Flier and Maratos-Flier, 1998; Woods et al., 1998). In ad lib fed VGF mutant mice, mean serum insulin and glucose levels were 80% and 60%, respectively, of the levels found in normal mice, while the mean serum corticosterone level of VGF mutant mice was 140% normal, all consistent with a fasted state. Hypothalamic levels of NPY and AGRP mRNAs were elevated by 600% and 800%, respectively, while hypothalamic POMC mRNA was reduced by 75% in comparison with hypothalamic mRNA levels in similarly fed littermate controls (Figure 4) had prolonged estrous cycles resulted in copulatory plugs but no pregnancies. Histological examination of ovaries from VGF-deficient females revealed many pri-VGF Mutant Mice Have Reduced Fertility In the fasted state, falling leptin levels signal the HPG mary and atretic follicles but no mature follicles or corpus lutea ( Figure 8B) ; ovaries, oviducts, and uteri in Ϫ/Ϫ axis to suppress reproduction in order to conserve energy. Since VGF-deficient mice were lean, had a fasting females were found to be 18%-30% the weight of those prolactin (Prl) and growth hormone (GH) mRNA (data not shown) and polypeptide content in mutant and wildSexual maturation of VGF-deficient males was delayed, adult sexual behavior was abnormal, and fertility type pituitaries were not significantly different ( Figure  9A ), while TSH content was slightly lower in VGF mutant was reduced; in addition, adult VGF mutant males failed al., 1998), the redundancy of hypothalamic orexigenic vealed no gross anatomical defects and the normal comneuropeptides that promote feeding was felt to be replement of gonadotropes, somatotropes, thyrotropes, sponsible for the lack of effect that the genetic ablation and lactotropes ( Figure 9B) .
of genes such as Npy had on feeding and body weight in mice (Erickson et al., 1996) . MCH-deficient mice, however, have reduced body weight, are hypophagic, and Discussion have an inappropriate increase in metabolic rate, despite reduced peripheral leptin levels and decreased The results of classical brain lesion experiments have helped to establish that the hypothalamus is the central arcuate POMC mRNA. Interestingly, the phenotype we have described here for VGF-deficient mice is in general integrator of energy homeostasis in the brain, balancing energy intake (feeding) with energy expenditure (activity more severe and is associated with greater reductions in weight, peripheral fat, and leptin levels; with decreased and metabolic rate). Molecular genetic studies in mice have further increased our understanding of the contrifertility; and with a greater elevation in basal metabolic rate, which is associated with hyperactivity. butions that various hypothalamic neuropeptides make to the central control of energy balance. et al., 1992) . Briefly, sections were treated with 0.5% H 2 O 2 to remove fat stores, and display a profile of hypothalamic gene endogenous activity followed by several PBS washes that contained Energy Balance Daily food consumption was measured by using either a liquid diet 0.1% Triton X-100 and 5% normal serum. All sections were incubated for 48 hr at room temperature with antiserum diluted in PBS or a weighable solid pellet delivery system (Bio-Serv, Frenchtown, NJ). Total cumulative food consumption was measured over 5 concontaining 1% normal serum, 0.02% sodium azide, and 0.1% Triton X-100. This was followed by 4 hr incubations in biotinylated antiprisecutive days and average daily consumption determined. Oxygen consumption and ambulatory activity of individual mice were meamary antibody immunoglobulin G (1:400; Vector Laboratories, Burlingame, CA) and an avidin-biotin-horseradish peroxidase complex sured with an Oxyscan (O 2 /CO 2 ) metabolic system and Digiscan activity monitor (AccuScan Instruments, Columbus, Ohio). Individual (1:500; Vector Laboratories, Burlingame, CA). Sections were extensively washed with PBS, and immunoreactivity was visualized by mice were placed into metabolic chambers (21 cm ϫ 21 cm ϫ 16 cm) for 24 hr. The basal rate of oxygen consumption was determined incubating the sections at room temperature with 3,3Ј-diaminobenzidine tetrahydrochloride (50 mg/100 ml in PBS; Sigma) with H 2 O 2 during the circadian light phase, which corresponded to a period of relative inactivity, and the ambulatory activity of the individual (6 l/100 ml) as the catalyzing agent. Sections were then dehydrated in graded alcohol, cleared in xylene, and coverslipped. mice was determined by the number of infrared beam breaks (distance between beams, 2.54 cm Intermale aggression testing was performed as described (Everts min at 4ЊC, and the pellet was retained for protein determination. The et al., 1997) with minor modification. Male mice (4-6 months old) supernatant was injected into an ESA CEAS 5500 high-performance were individually caged and separated into three groups (n ϭ 5). liquid chromatograph (ESA, Bedford, MA) with a flow rate of 0.6 mL/ Wild-type and VGF mutant mice (groups I and II, respectively) were min and a mobile phase of 75 mM PO 4 , 1.7 mM octanesulfonic acid, treated as resident males, and naive males (group III) were intro-100 L/L triethylamine, 25 M EDTA, and 10% acetonitrile (pH 3.00).
Superovulation and Ovary Transplantation
duced as intruders subject to attack. The encounter, initiated by The concentrations of striatal dopamine, DOPAC, and serotonin, placing the naive male into the resident male's cage, was monitored and adrenal norepinephrine and epinephrine, were calculated after for 10 min, and the latency to attack was scored. All experiments comparison with standards, and the yield was calculated by normalwere carried out 1 hr before lights out. ization to the internal standard.
Circadian Behavior Activity was monitored continuously with an Esterline-Angus mechanical recorder (Angus Electronics, Indianapolis, IN) and stored Blood and Serum Analysis Mice were anesthetized with avertin, and blood samples were colon polygraphic paper with 10 min gradations. Animals were kept in LD12:12 (12 hr of light and 12 hr of dark) conditions for 2 weeks. lected by cardiac puncture. Blood glucose levels were determined with a one touch profile meter (Lifescan). Serum corticosterone, Following entrainment, the animals were kept in DD conditions (with the exception of light pulses) for the remainder of the experiment. insulin, T4, and leptin levels were determined by radioimmunoassay (ICN Biomedicals).
The free-running period was determined from the first 10 days in 
